Chipless RFID tag is a promising technique for future RFID systems due to its low cost and high reliability. In this paper, three chipless RFID tags are designed based on retro-reflective structures, in order to increase the reading range and enhance the tag's robustness to the direction of the interrogating signals. The three tags include two linearly polarized tags with non-symmetric and symmetric filters and a circularly polarized tag. Before introducing the tag antennas, the design guidelines on how to arrange the filters for higher detection accuracy are provided based on standing wave analysis. Following the rules, retro-radiating tags with filters are designed. Since the E fields from the retro-radiating antennas add constructively in the direction of the incoming signal automatically, the reading distance is greatly increased compared with the conventional tags with orthogonally placed antennas. The tag with symmetric filters and arrangements can further enhance the detection robustness regardless of the reader's positions. Moreover, the circularly polarized tag is insensitive to the polarization of the incoming signals. The experimental results measured in the anechoic chamber show that the retro-radiator based tag can reach a reading distance of 60 cm, which is longer than most of the existing chipless tags. In the measurement, the proposed tag was well detected even when the reader antennas were not at the boresight.
I. INTRODUCTION
RFID technology becomes prevalent with the launch and evolution of internet of things (IOT). An RFID system is normally required to operate at a long reading range, be accurate and of low cost. In general, active RFID tags support long reading range, yet the cost is high. In contrast, the passive RFID tags, which receive the power from the reader and then re-radiate back, are of lower cost. For the chip-enabled passive tags [1] , the identification information comes from the chip. However, the chip is relatively expensive, and meanwhile the connection between the antenna and the chip is not always reliable [2] . Thus, employing chipless tags become a promising solution to reduce the cost and enhance the reliability of the RFID tags.
Chipless RFID tags utilize the radar principle, with the data encoded in the tag structures. The main challenges faced The associate editor coordinating the review of this manuscript and approving it for publication was Shah Nawaz Burokur . by the chipless tags include small coding capacity and short reading distance. Usually, the chipless tags can be detected in the domains of time [3] , [4] , phase [5] , [6] , group delay [7] , [8] , angle [9] , [10] , frequency [11] - [16] , or combinations of them. Most of the time-domain tags can be detected at a longer distance, meanwhile the calibration and signal processing procedures are relatively simple. Still they have two main drawbacks, i.e., smaller coding capacity and larger footprint, as the transmission delay lines are typically used for coding. On the contrary, coding in the frequency domain can enlarge the coding capacity, but its reading distance is limited, as the transmitting power is restricted for the ultra-wide band (UWB) antennas at the reader.
In the frequency domain, two coding structures are prevalent, i.e., multi-resonant filters (MRF) and self-resonant structures. A typical MRF based tag consists of orthogonally polarized transmitting and receiving antennas, with bandstop filters integrated along the transmission line [11] - [16] . The filters can be built from spiral resonators [11] , [12] , open stubs [13] , coplanar waveguide resonators [14] and etc. To increase the coding capacity, the design in [12] rotated the S-shaped split ring resonators (SRR) to change the amplitude of the frequency notch, successfully increasing the logic status of each resonant element to three or four. In [15] , slots were cut in the spiral resonators so that more bits can be stored for each resonator. In [16] , information was coded in both the frequency and time domains using stubs with different statuses. The shortcomings of the MRF based tags are the necessity of the ground plane and their sensitivity to the polarization. On the contrary, the self-resonance based tags do not require any ground plane. Different self-resonant shapes, such as the C-shaped strips [17] , U-shaped strips [18] , [19] , concentric rings [20] - [22] and slots [23] , [24] were utilized in the literatures. However, when the resonant frequencies of the structures are close to each other, severe mutual coupling appears. This makes the detection difficult or even impossible, as the mutual coupling varies the positions and amplitudes of the frequency notches. For the abovementioned chipless tags, efforts were taken to increase the coding capacity. However, the reading range is normally short, from 10 cm to 50 cm. Up till now, not much effort has been conducted on increasing the reading distance of the chipless tags.
Retro-reflective antenna, which is also named as selfsteering antenna, takes advantage of the conjugate phase and as a result steers its main beam automatically towards the direction of the incoming wave without knowing the arriving angle in advance. Since the orientation of the reader is normally unknown in reality, the automatic tracking is useful. In [25] , the retro-reflective array was used for wireless charging, with the focused beam pointing to the mobile device when the device is moving. To track the target, the dualpolarized Van Atta retro-reflector has been utilized at 26 GHz in highly cluttered environments in [26] .
In this work, we employ the retro-radiators for chipless tag antennas, in order to increase the reading distance and keep the detection accuracy regardless of the reader's position. The tag comprises two identical UWB antennas symmetrically connected by a transmission line, along which the MRFs are designed for coding. Linearly polarized (LP) antennas are firstly designed for robust detection. The tag, with ten bits encoded between 4.7 GHz and 7 GHz, can reach a distance twice that of a conventional MRF based tag. Even when the reader is not at the boresight, the tag can also be well detected. Afterwards, a circularly polarized (CP) antenna is proposed to make the tag insensitive to polarizations. The contributions of the paper lie in: 1) The guidelines on how to optimize the locations of the MRFs are provided, in order to get sharp attenuation and hence more accurate detection. This can be generally applied to all the MRF based chipless tags; 2) The proposed retro-radiating tags can greatly increase the reading distance, with the CP tag insensitive to polarization as well;
The retro-radiating arrangement can be generally applied to other tag antennas based on the MRF principles for longer detection range; 3) The symmetric tag is insensitive to the positions and orientations of the reader, making the chipless tag practical and robust. Section II illustrates the operating principle of the filters and provides guidance on how to optimize the locations of the MRFs through transmission line analysis. In section III, LP and CP tags with retro-radiators are designed, with their detection performance described and compared with the conventional chipless tags. The experiments of the tag detection are presented in section IV, with the readers located at different positions. Section V concludes the paper.
II. RESONATOR OPTIMIZATION
MRF based chipless tags use resonators to generate amplitude attenuation at specific frequencies, thereby coding the tag. The performance of the resonators largely determines the capability of the RFID system, such as detection accuracy and coding capacity. Therefore, it is crucial to analyze and optimize the resonators before the implementation of the radiators. In this section, through analyzing the field distributions along the transmission line, we provide guidelines on how to arrange the resonators for better identification performance.
In conventional MRF based chipless RFID tags, two radiators are normally orthogonally placed [11] and connected by a transmission line, as shown in the inset of Fig. 5(b) . When a plane wave impinges on the tag, ideally, one antenna receives the signal while the other transmits the coded signal back to the reader. However, due to the polarization misalignment and the cross polarization of the antennas, both antennas can receive and re-transmit the incoming signals. The superposition of those two waves propagating in opposite directions forms a standing wave along the transmission line. Thus, E-field nodes and anti-nodes appear.
To study the standing wave intuitively, we simulate a twoport transmission line, assuming that the signals incident on the two ports are of the same amplitude and phase. The transmission line is printed on Rogers 4350B with a thickness of 0.762 mm and a dielectric constant of 3.48, with its configuration presented by the black solid line in Fig. 1 (a) . The distributions of the currents and the electric fields at 5.4 GHz are presented in Fig. 1 (a) and (b), respectively, which exhibit clear standing wave distributions. The distance between the adjacent anti-node is approximately half of the wavelength on the substrate, i.e., λ g /2. The antinode of the current is the node of the E field, and vice versa.
According to the field distributions in Fig. 1(b) , in order to produce a significant attenuation in the target frequency, the best location of the resonator is around the E-field antinodes, since the resonator can be well excited when the induced voltage is higher.
To verify the above analysis, a spiral resonator is implemented at different positions along the transmission line, as denoted by d in Fig. 1(a) , which is the distance from the antinode of the current distribution (corresponding to E-field node) to the center of the filter. The configurations of the resonator and its equivalent circuit are depicted in Fig. 2 (a) and (b), respectively. The resonator is designed to operate at a center frequency of 5.4 GHz. In the simulation, the two ports of the transmission line are excited simultaneously, to mimic the plane wave incidence in practice. The active S-parameters of the filter-imbedded transmission line are presented in Fig. 2(c) , for different positions of the resonator. As expected, when the resonator is near the E-field node, the notch is hardly observed. On the contrary, when it is placed close to the E-field anti-node, the attenuation at 5.4 GHz becomes larger, which agrees well with the theoretical analysis. This provides guidance on the arrangement of the filters, avoiding the trial-and-error optimization procedures. Accordingly, a transmission line with ten resonators at different center frequencies is designed for the chipless RFID tag, with each resonator arranged around its E-field antinodes. The operating frequencies of the resonators are changed by varying its length, whereas the other parameters maintain the same as those denoted in the caption of Fig. 2(a) . The length of the resonators and the corresponding resonant frequencies are listed in Table 1 . The active S-parameters of the transmission line are shown in Fig. 3 , with its configuration presented in the inset. Ten sharp notches are clearly observed for the resonators, with attenuations of more than 10 dB. It should be noted that longer transmission line can accommodate more resonators over a wider frequency range; however, the proposed design focuses on increasing the reading distance and the robustness of the tag, thus only ten resonators are designed for demonstration.
III. TAG DESIGN
In the tag antenna design, the Van Atta array [26] , which is a typical and simple retro-reflective array, is employed. Different from the conventional orthogonal antenna arrangement on the tag, the antennas in the retro-array are employed for both transmitting and receiving. Since the E fields re-transmitted from the retro-radiators are always in phase and added constructively at the direction of the incoming wave [27] , longer reading distance and more robust performance against different incident angles are achieved. In this section, three tags are designed, including two LP retro-reflective tags with asymmetric and symmetric filters and a CP retro-reflective tag for polarization insensitivity. 
A. LINEARLY POLARIZED CHIPLESS TAG
Two identical LP UWB antennas [11] , which cover a bandwidth from 3 GHz to 10 GHz, are used for the tag. The antennas are symmetrically placed regarding the center and connected by a transmission line, forming a Van Atta array, as shown in Fig. 4 . The tag is printed on Rogers 4350B (ε r = 3.48, tanδ = 0.0037) with a thickness of 0.762 mm. Ten filters, as described in section II, are adopted along the transmission line.
The chipless RFID tag is simulated in the time domain of CST Microwave Studio. The tag is interrogated by a y-polarized plane wave from boresight with Gaussian signal. To detect the signal scattered by the tag, a y-polarized E-field probe is placed at the boresight, with a distance of 200 mm from the tag. The signal received at the probe in the time domain is shown in Fig. 5(a) . It should be noted that the E field probe provides directly the scattered field with the incident field automatically removed in the simulations. The received signal can be divided into two parts. The early response is the structural mode of the tag, corresponding to the direct reflection from the tag, whereas the late response is the antenna mode, which contains the coding information. In order to remove the effect of the structural mode, a rectangular window is added to the time domain signal to select the antenna mode [28] . After signal processing, the received E field at the probe is depicted in Fig. 5(b) in the frequency domain.
To show the benefit of the proposed retro-radiating tag, a conventional chipless tag with identical antenna elements and the same overall size but orthogonal arrangement is also simulated, as seen in the inset of Fig. 5(b) . All the antenna parameters, system setups and signal processing procedures are the same for the two RFID systems. The received E fields from the two tags are compared in Fig. 5(b) . According to the figure, the E field at the probe is around 6 dB higher (two times linearly) for the Van Atta array based tag than for the conventional tag. According to the radar theory [29] , stronger E-field indicates longer reading distance for the same reading accuracy. Thus, Van Atta arrays with more antenna elements can be used to further increase the reading distance, if a larger tag is allowed. Besides the typical UWB antenna, the retro-radiator based arrangement can be applied to other tag antennas encoded with MRFs. It should be noted that the resonators are optimized when the tag is in free space. When the background material becomes different, especially for the one with high permittivity and conductivity, the locations and sizes of the resonators should be re-adjusted with the presence of the background to ensure good identification performance.
B. RETRO-REFLECTIVE TAG WITH SYMMETRIC FILTERS
To investigate the sensitivity of the proposed tag to the incident angles, the plane waves are set to be from different directions, with the probe placed at same direction to represent the practical scenarios of the reader. The distance between the tag and the probe is maintained at 200 mm regardless of the incident angle. The received E fields are depicted in Fig. 6 , which shows less obvious frequency notches when the probe is not at the boresight. This could be due to the asymmetric structure and placement of the filters, though the antennas are identical. In order to make the retro-array based tag more robust to the incident angle, we employ symmetric SRR based filters and distribute them symmetrically along the transmission line, as shown in Fig. 7(a) . The same LP antennas are used as the radiating elements. Fig. 7(b) provides the E fields received at the probe when the incident angles are different. It is observed that all the frequency nulls can be well detected, with the attenuations of at least 10 dB.
Regarding the strength of the signal, it is seen that the E fields at the θ = 0 • and 30 • are much stronger than those at θ = 60 • . This can be explained by the radiation patterns of the UWB antenna at the xoz plane, which are presented in Fig. 8 at three different frequencies, i.e., 6 GHz, 6.5 GHz and 7 GHz. Much lower gains of the antenna are observed at θ = 60 • . Thus, the strengths of both the received signals from the incident wave and the re-transmitted signals to the reader are reduced at this angle. Antennas with more omnidirectional patterns can be employed if similar signal strength is required for different incident angles. It is also noticed that the gains of the UWB antenna are not balanced at 0 • and 180 • , since the radiator and the ground plane are not on the same layer. If the CPW feeding method is utilized, the gains become the same for the angle of 0 • and 180 • .
One drawback of the linearly polarized tag is that it is only sensitive to the signals of a certain polarization. In addition, the transmitting and the receiving antennas at both the reader and the tag are co-polarized, resulting in higher interference and mutual coupling. Hence, the mutual coupling needs to be measured and removed before the tag detection. To make the system polarization insensitive and enhance the isolation between the reader antennas, we employ the CP UWB tags to replace the LP tags.
C. CIRCULARLY POLARIZED RFID TAG
The circularly polarized antenna in this tag is modified from the structure in [30] . The antenna consists of two overlapping elliptical slots and four rectangular slits etched from the ground plane, providing circular polarization. A feedline with two stubs is used to excite the antenna. The parameters of the two stubs, W 1 and W 2 , are optimized to generate two orthogonal E-field vectors. The parameters of four rectangular slits, L 4 , W 4 , g 3 and g 4 , are critical to the axial ratio of the antenna as well. These parts are jointly optimized so that the axial ratio of the antenna is below 3 dB at the desired band from 4.49 GHz to 7.30 GHz (47.67%). The impedance bandwidth covers from 4.4 GHz to 7.95 GHz (57.49%). The configurations of the CP RFID tag with the filters are shown in Fig. 9(a) .
Using the same system setup as in section III-A, x-and y-polarized plane waves are incident on the CP tag, respectively, with the detecting probe maintained in the y direction. The received E-fields at the probe after signal processing are presented in Fig. 9(b) . It is seen that, with the CP antennas, the received signals at the probe are almost the same when the incident waves are of orthogonal polarizations, indicating that the tag is insensitive to polarization. Moreover, the strength of the received signals is still at a good level compared with that of the conventional tag in Fig. 5(b) .
IV. ANTENNA MEASUREMENTS AND RESULTS
To verify the simulation results, three prototypes were fabricated, including a transmission line with ten resonators, a CP chipless RFID tag and a LP tag with symmetric filters. The structures are all fabricated on the substrate of Rogers 4350B with a permittivity of 3.48 and a thickness of 0.762 mm.
The fabricated transmission line with filters, as presented in the inset of Fig. 10 , was measured using vector network analyzer Agilent N5221, with its transmitting power being 0 dBm. The measured active S-parameters are depicted in Fig. 10 , showing ten resonances at their respective frequencies. Most of the resonators have the attenuations of more than 10 dB, indicating easy tag detection. The slight frequency shift compared with the simulation results is mainly due to the fabrication tolerance.
In order to measure the performance of the chipless tags, we designed and fabricated two identical Vivaldi antennas according to the structure in [14] , and employed them as the reader antennas. The reader antennas (see Fig. 11 ) were fabricated on Rogers 4350B substrate, with dimensions of 180 mm×120 mm×0.762 mm. The measured reflection coefficients of the reader antenna are presented in Fig. 12 , which are in reasonable agreement with the simulation results. The antenna is well matched from 5.5 GHz to 7 GHz, which is the coding spectrum of the tags. The reader antenna has a gain of above 11 dB at the boresight over the frequency band of interest.
The experiment setup is shown in Fig. 13 , which comprises the chipless tag under test and two closely spaced reader antennas at the boresight connected by the vector network analyzer. The tag is detected by measuring the transmission coefficients between the reader antennas. Different from the E field probe in the simulation, which gives directly the scattered field with the incident field automatically removed, the receiving antenna in the measurement receives both the incident field from the transmitting antenna and the scattered field from the tag. Moreover, the reader antennas are copolarized and closely spaced, leading to higher interference. Thus, the received signals were calibrated according to the following procedure: 1) We measured the transmission coefficients between the reader antennas with the absence of the tag, in order to exclude the direct incident field from the transmitting antenna and remove the effect of the environment. The transmission coefficient without the tag is denoted as S 21_c .
2) The tag was then placed in the system as in Fig. 13 . The transmission coefficient, which includes the scattered field from the tag, was measured again, which is noted as S 21_t .
3) The calibrated transmission coefficient is given by [10] :
4) The calibrated S 21 is windowed in the time domain to extract the antenna mode from the signal, and then transformed back to the frequency domain.
We firstly measured the CP tag in the anechoic chamber, with a reading distance of 20 cm between the reader and the tag. The time domain signal detected by the vector network analyzer is shown in Fig. 14(a) , where the structural mode and the antenna mode are clearly observed. Compared with the simulation results, the starting time of the structural mode is delayed by about 1.5 ns, which is mainly caused by the cable from the analyzer. The antenna mode that contains the coding information was then extracted for signal processing. The normalized transmission coefficients after signal processing are shown in Fig. 14(b) . Ten resonances are clearly detected, with the first resonance having low Q factor and less sharp frequency notch. This can be explained by the small attenuation of the filter at around 5 GHz, as shown by the measured result in Fig. 10 . The discrepancy could also be due to the fabrication tolerance and the reader antennas not being exactly at the same direction as in the simulations.
In order to measure the sensitivity of the proposed retroradiating tag to the incident angle, the LP tag with symmetrical filters was fabricated, as shown in Fig. 15(a) . In the experiment, three different relative angles, i.e., θ = 0 • , 30 • , and 60 • , are set between the reader and the tag, as demonstrated in the inset of Fig. 15(b) . The normalized S 21 are given in Fig. 15(b) , showing that the tag can be accurately detected regardless of the orientations of the tag and the positions of the reader.
To find the reading distance of the proposed retro-radiating tags, we measured the prototype in Fig. 15 (a) in the anechoic chamber with different distances between the tag and the reader. The setup for measuring the reading range is the same as that shown in Fig. 13 , and the procedures of measurement, calibration and calculations are exactly the same as those described for the CP tag. During the measurement of the reading distance, the distance between the reader and the tag is set to be 10 cm at first. Afterwards, the tag is moved away from the reader antennas with a step of 10 cm, without changing the orientations of either the reader or the tag antennas. During the whole process, the amplitude and phase of the transmission coefficients have been denoted. Together with the calibrated S21 with the absence of the tag, the normalized S21, which provides the information of the tag, is calculated and presented in Fig. 16 . It is seen that a maximum reading range of 60 cm was obtained with the least attenuation of more than 3 dB. It should be noted that the reading distance is unrelated with the transmitting power from the reader antenna. For the measurement setup in Fig. 13 , the reading range is mainly determined by the signal to interference ratio (SIR) at the reader's receiving antenna, rather than the signal to noise ratio (SNR), as the interference from the reader's transmitting antenna is more severe than noise. When the transmitting power is increased, the receiving power increases; however, the interference at the receiving antenna is increased at the same time. As a result, the SIR maintains the same [14] .
In Table 2 , the performance of the proposed tag is compared with other tag antennas. Compared with the setup in [14] , which has the same type of reader antennas and tag antennas as the proposed one, the reading range of the proposed tag is twice that of the tag in [14] . This directly verifies that the retro-radiating arrangement is effective in improving the detection range of the RFID system. Compared with the proposed antenna, the setups in [31] and [32] have the same reader antennas but different tags, whereas the setups in [11] , [33] and [34] have the same type of tag antennas but different reader antennas. However, their reading distances are all smaller than the proposed setup. It should be noted that the proposed retro-radiating tag is a general method, which cannot only be applied to the conventional UWB monopole, but can also be employed by other tag antennas encoded with MRFs, and further increase their reading ranges. Thus, the proposed tag based on retro-radiating arrangement is not only competitive in its relatively low profile and long detecting range, but it also has great potential in improving the reading distances of other RFID tags.
V. CONCLUSION
Retro-array based chipless RFID tags, which are linearly or circularly polarized, were introduced in the paper. Before the chipless tag design, the guidelines on how to optimize the locations of the filters are provided. Following the instructions, a LP tag with ten filters was designed. Compared with the conventional tag with vertically placed radiators, the reading distance is greatly increased for the retro-array based tag. Moreover, the proposed tags are robust to the orientations of the reader, especially when symmetric filters are employed. To make the tag polarization insensitive, CP radiators were employed. The prototypes of the transmission line with ten resonators, the LP tag with symmetric filters and the CP tag were fabricated and measured in the anechoic chamber, respectively. A detection distance of 60 cm has been achieved with the proposed LP tag. Meanwhile, the tag has been proved to be insensitive to the orientations of the reader. The proposed tag is competitive not only in perspective of its long reading distance, polarization insensitivity and angle robustness, but also in its general application to other tag antennas encoded with MRFs.
